Evidence has recently been presented that photoinhibition of photosystem II (PSII) is triggered by absorption of light by the oxygen-evolving manganese cluster. To get insight into the effects of light on enzymes containing manganese or other transition metal cofactors, the photosensitivities of Mn catalase, Mn superoxide dismutase, the haem (Fe)-containing bovine liver catalase, and CuZn superoxide dismutase were investigated. Glucose oxidase was studied as an example of an enzyme that does not have a metal cofactor. Sensitivities of these five enzymes to UVC, UVA, and visible light were compared in anaerobic conditions. The Mn(III)-oxo-Mn(III)-containing Mn catalase was found to be more sensitive to both visible and UV light than bovine liver catalase. Furthermore, the action spectrum of photoinhibition of Mn catalase was found to be fairly similar to that of photoinhibition of PSII. The Mn(II)-containing Mn superoxide dismutase was sensitive to UVC light and somewhat sensitive to UVA light, while only UVC light caused some inhibition of CuZn superoxide dismutase. Glucose oxidase was the least photosensitive of the enzymes studied. The photosensitivity of Mn enzymes supports the hypothesis that the oxygen-evolving manganese complex of PSII can be damaged by UV and visible light absorbed by its Mn(III) or Mn(IV) ions.
Introduction
A light-induced adverse effect on a biomolecule is termed photodynamic damage. Photodynamic damage usually occurs via the formation of a triplet state of the sensitizing chromophore (for reviews see Halliwell and Gutteridge, 1999; Tyystjärvi, 2004) . In type-I photodynamic reactions, a radical is produced when an electron is transferred from the triplet-state chromophore to an electron acceptor. The electron acceptor is typically oxygen, and the resulting radical is superoxide. In type-II reactions, singlet oxygen is produced when the excitation energy of the triplet chromophore is transferred to triplet-state oxygen. The primary target of photodynamic damage may be either the photosensitizer itself or another molecule. In addition to obvious reactions of types I and II, molecule-specific photodynamic reactions are known, like the intercalation of furanocoumarins into DNA under UVA light.
Proteins may experience photodynamic damage because the aromatic amino acids (tyrosine, tryptophan, and phenylalanine) absorb in the UVB and UVC ranges and thus can act as photosensitizers of both type-I and type-II reactions (reviewed by Davies and Truscott, 2001) . Under visible or UVA light, protein damage can be sensitized by a cofactor. Porphyrin cofactors, particularly protoporphyrin IX and the chlorophylls, are known to sensitize type-II photodynamic damage under visible light (Tyystjärvi, 2004) . Transition metal complexes containing iron, copper, manganese, nickel, or cobalt absorb light in the UVC to visible range, and metal cofactors may therefore have the potential to sensitize the host molecule to photodynamic damage in a wide spectral range. Co-ordination bonds are weaker than covalent bonds, and therefore a metal ion or a metal cofactor may be easily released from the protein in the course of a photodynamic reaction.
Photoinactivation of isolated enzymes has not been studied extensively. The most studied photosensitive enzyme is catalase that contains a haem (Fe) cofactor. Photoinhibition of catalase by visible light was first reported by Mitchell and Anderson (1965) and Aronoff (1965) , and both the haem moiety (Cheng et al., 1981) and an NADPH molecule present in the enzyme (Giordani et al., 1997) have been suggested to sensitize the photoinactivation reaction. Ascorbate oxidase that contains a copper cofactor has been shown to be sensitive to UVC light (Maccarrone et al., 1993) . The inactivation reactions of both catalase and ascorbate oxidase were shown to be largely but not fully dependent on oxygen (Mitchell and Anderson, 1965; Cheng et al., 1981; Maccarrone et al., 1993) . Glycolate oxidase, an enzyme without a metal cofactor, has been shown to be stable under visible light (Schafer and Feierabend, 2000) .
Photosystem II (PSII) of plants and cyanobacteria is a multiprotein complex catalysing the oxidation of water and reduction of plastoquinone in photosynthesis (for a review, see Iwata and Barber, 2004) . PSII contains several transition metal cofactors, including haems, nonhaem iron, and an oxygen-evolving manganese cluster containing four Mn ions.
PSII is susceptible to photoinhibition under visible and UV light (for reviews, see Aro et al., 1993; Melis, 1999) . In photoinhibition, the electron-transfer activity of PSII is lost, and the repair of PSII in vivo requires both degradation and resynthesis of the D1 protein. Photoinhibition of PSII differs from typical reactions of types I and II, as PSII is readily inactivated in the absence of oxygen (Nedbal et al., 1992; Vass et al., 1992; Hakala et al., 2005) . Several mechanisms have been suggested for photoinhibition of PSII, including over-reduction of the acceptor side of PSII which was suggested to lead to double reduction of the Q A electron acceptor (Vass et al., 1992) , oxidative damage caused by sporadic inactivity of the donor-side of PSII (Anderson et al., 1998) , and singlet oxygen production by uncoupled antenna chlorophylls (Santabarbara et al., 2001 ; for a review of photoinhibition mechanisms, see Adir et al., 2003) . Recently, it was proposed that photoinhibition of PSII is triggered by light-induced damage to the oxygen-evolving manganese cluster (Hakala et al., 2005) . The same conclusion was drawn by Ohnishi et al. (2005) . It is hypothesized that light absorption by the Mn(III) and/or Mn(IV) ions of the oxygen-evolving complex (OEC) leads to release of an Mn ion from the OEC, which inhibits electron donation to the oxidized primary donor of PSII.
In the present paper, Mn enzymes were exposed to visible and UV light in order to find out whether photosensitivity is a general property of manganese-containing enzymes. Photoinhibition experiments were done with four metalloenzymes, including manganese catalase (MnCat), the haem-containing bovine liver catalase (BLC), manganese superoxide dismutase (MnSOD), and CuZn superoxide dismutase (CuZnSOD), and with one enzyme that does not contain a metal cofactor, glucose oxidase (GOD). MnCat was of particular interest because this enzyme contains an Mn(III)-oxo-Mn(III) active site and can therefore be considered as a structurally close natural model of the oxygen-evolving manganese cluster. In order to avoid oxygen-dependent photodynamic damage that apparently is not most typical to photoinhibition of PSII, the enzymes were illuminated under anaerobic conditions.
Materials and methods

Enzymes and plant material
MnCat was isolated from Lactobacillus plantarum according to Igarashi et al. (1996) . BLC (product number C-100), MnSOD from Escherichia coli (S-5639), and CuZnSOD from bovine erythrocytes (S-2515) were acquired from Sigma, and GOD from Aspergillus niger was acquired from Roche (93143321). Pumpkin (Cucurbita pepo) leaves used in the in vivo illumination were grown under a 12 h light rhythm at 22 8C at 150 lmol photons m ÿ2 s
ÿ1
. Absorption spectra were measured with a Spectronic Genesys 2 spectrophotometer (Thermo Electron Corp., Waltham, MA, USA) in the 240-700 nm range.
Measurement of catalase activity
Activities of MnCat and BLC were measured as the rate of oxygen production using a Clark-type oxygen electrode (Hansatech, King's Lynn, UK). Oxygen evolution was measured from control and illuminated samples of BLC and MnCat in 600 ll of reaction mixture containing 16.7 mM potassium phosphate (pH 7.0), 0.1 mM EDTA, and 15 mM H 2 O 2 .
Measurement of SOD activity
The activity of Mn and CuZn SOD was measured spectrophotometrically at 560 nm from control and illuminated enzyme samples in 1 ml of reaction buffer containing 50 mM HEPES-KOH (pH 7.8), 0.5 mM EDTA, 0.5 mM nitroblue tetrazolium (NBT), 4 mM xanthine, and 0.05 units xanthine oxidase (Beauchamp and Fridovich, 1971; Arisi et al., 1998) .
Measurement of GOD activity
GOD catalyses the glucose oxidation reaction which consumes oxygen. The activity of GOD was measured with an oxygen electrode as the rate of oxygen consumption in buffer containing 40 mM HEPES-KOH (pH 7.4), 0.3 M sorbitol, 5 mM MgCl 2 , 5 mM NaCl, and 6 mM L-glucose.
Measurement of PSII activity
Thylakoids of non-illuminated and illuminated leaf discs were isolated by grinding a leaf disc in buffer containing 40 mM HEPES (pH 7.4), 0.3 M sorbitol, 10 mM MgCl 2 , 1 mM EDTA, 1 M glycine betaine, and 0.5% bovine serum albumin, and filtering the suspension through Miracloth. The filtrate was centrifuged for 2 min at 5500 g and the pellet was suspended into storage buffer [40 mM HEPES-KOH (pH 7.6), 0.3 M sorbitol, 5 mM NaCl, and 5 mM MgCl 2 ]. The chlorophyll concentration of each sample was measured according to Porra et al. (1989) . The light-saturated rate of oxygen evolution was measured with an oxygen electrode from the thylakoid suspension at the Chl concentration of 10 lg ml ÿ1 in the storage buffer supplied with 1 mM KH 2 PO 4 , 5 mM NH 4 Cl, and 0.5 mM 2,6-dimethylbenzoquinone.
Illumination protocols
The visible-light illumination treatments for the enzymes were done with a KL-1500 lamp (Walz, Effeltrich, Germany) at 2500 lmol photons m ÿ2 s ÿ1 for SOD enzymes and at 1500 lmol photons m ÿ2 s ÿ1 for catalase and GOD enzymes. The photoinhibitory illumination of pumpkin leaves was done with an ozone-free continuous-light Xenon lamp (Model 6258, Oriel, Stratford, CT, USA) through a water filter, a UV-cutting filter, and through an interference filter peaking at 670 nm (half bandwidth 20 nm). Wide-band 365 nm (UVA) and narrow-band 254 nm (UVC) light (200 and 110 lmol photons m ÿ2 s ÿ1 , respectively) were produced with an ENF-280C lamp (Spectronics, Westbury, NY, USA). The number of UV photons entering the illumination cuvette was measured with ferrioxalate actinometry (Hatchard and Parker, 1956 ). The photon fluence rate of visible light was measured with an LI190SA quantum sensor (Li-Cor, Lincoln, NE, USA).
All enzyme illumination treatments were done in 800 ll volume in a temperature-controlled cuvette at 25 8C in the absence of oxygen, unless otherwise stated. Each enzyme was illuminated in the same buffer as used for the measurement of its activity, but no substrates (H 2 O 2 ; NBT, xanthine; xanthine oxidase; glucose) were present during illumination. Anaerobic conditions were obtained by bubbling the enzyme sample with nitrogen prior to illumination and by illuminating the enzyme in a gas-tight cuvette. Separate experiments (data not shown) indicated that the degree of anaerobicity was similar to that reached by adding dithionite to the oxygen electrode cuvette, and that the procedure maintained the contents of the cuvette anaerobic for the duration of the illumination treatments.
The photoinhibition treatments of pumpkin leaf discs were done in a temperature-controlled cuvette at 20 8C. Prior to the photoinhibition treatment, the petiole of the leaf was incubated overnight in 2.4 mM lincomycin in dim light in order to inhibit the synthesis of the D1 protein in the leaf during the photoinhibition treatment (for example, see Tyystjärvi and Aro, 1996) . Anaerobic illumination was done by enclosing a leaf disc in a cuvette and forcing a flow of moistened nitrogen gas through the cuvette, starting 5 min before switching on the photoinhibitory illumination, and continuing throughout the light treatment.
The initial activities of MnCat and BLC before the light treatments were 0.08 U ml ÿ1 , the initial activities of MnSOD and CuZnSOD were 17 U ml ÿ1 , and the activity of GOD was 1.3 U ml ÿ1
. After the illumination treatment, the activity of each enzyme was assayed and the activity was compared with the activity measured from the same enzyme stock before illumination. PSII activity was measured from thylakoids isolated from an illuminated leaf disc. Control PSII activity was measured from thylakoids isolated from an unilluminated disc cut from the same leaf. The decrease in the activities of the enzymes and PSII was fitted to the first-order reaction equation, and the rate constant of photoinhibition of the enzymes and pumpkin leaves was obtained from the best fit. Statistical significance was tested with Student's t test.
Results
Absorption spectra of MnCat and BLC
The absorption spectrum of MnCat (Fig. 1A) clearly belongs to the same family of absorption spectra as the ). The spectrum in (A) was redrawn from Kono and Fridovich (1983) ; all other spectra were measured from the enzymes in the same buffers as used in the illumination treatments.
Photoinhibition of manganese enzymes 1811 spectra of the synthetic Mn(III)/Mn(IV) model compounds of the OEC (Hakala et al., 2005) . The spectra of the Mn(III)/Mn(IV) compounds are characterized by a decrease in absorbance from UVC towards the visible wavelengths and low but significant absorbance at wavelengths longer than 350 nm (Hakala et al., 2005) . Mn(III) compounds absorb light through the visible range, and this absorbance also causes the characteristic pink colour of MnCat in powder form (Kono and Fridovich, 1983; Barynin et al., 2001) . In addition to Mn absorption, the absorption spectrum of MnCat shows a peak at 280 nm reflecting the typical 11% content of aromatic amino acid residues of the protein backbone. The MnCat solutions used in the present study were clear and colourless in appearance due to the low concentration of the enzyme. The absorption spectrum of BLC, in turn, shows the absorption of haem at 407 nm and the absorption of the aromatic residues (11% of amino acids) at 280 nm (Fig. 1B) . The absorbance of BLC stays relatively high throughout the visible range of the spectrum and, accordingly, the solution used for illumination had a greyish colour.
Illumination of MnCat and BLC with UV and visible light
Both MnCat and BLC were illuminated with 254 nm UVC light, 365 nm UVA light, or with white visible light, as indicated. The illumination treatments were done under anaerobic conditions. Both UV ( Fig. 2A ) and visible light (Fig. 2B ) caused damage to Mn catalase. Illumination with UV and visible light caused inhibition of the haemcontaining BLC too, but the inhibition was slower than with MnCat (Fig. 2) . Both catalase enzymes were damaged more efficiently by UVC light than by UVA light. However, UVA-induced inactivation of MnCat occurred faster than the inactivation of BLC under UVA or even UVC light ( Fig. 2A) .
Absorption spectra of MnSOD and CuZnSOD
Both MnSOD and CuZnSOD have very low absorbance of visible light, and CuZnSOD shows slightly higher absorbance in the UVA range (Fig. 1C, D) . Solutions of these enzymes appeared transparent by eye. CuZnSOD has a very low content of aromatic amino acids (3.3%; no tryptophan, only one tyrosine among 152 amino acids), which explains why the UVC absorption peak of this protein is shifted compared with the other proteins studied here (Fig. 1D) . The Cu(II) centre causes a wide but low absorption band peaking at 670 nm barely detectable in Fig. 1D (Goto et al., 2000) .
Illumination of MnSOD and CuZnSOD with UV and visible light
For comparison of the inhibition of Mn-and haemcontaining catalases, Mn-and CuZn-containing SOD enzymes were also illuminated with UVC, UVA, and visible light. Both UVC (254 nm) and UVA light (365 nm) caused inhibition of MnSOD, UVC being much more efficient (Fig. 3) . Under UVC treatment, CuZnSOD showed some initial activation followed by inhibition when the treatment was prolonged (Fig. 3) . CuZnSOD was insensitive to UVA illumination. Visible light of up to 2500 lmol photons m ÿ2 s ÿ1 did not cause inhibition of either of the two SOD enzymes (data not shown).
Absorption spectrum of GOD
Catalases and SODs are examples of enzymes with transition metal cofactors. To get an insight into the importance of the metal factor for the photosensitivity of enzymes, GOD, an enzyme lacking any metal cofactor, was illuminated. Because of the FAD moiety, GOD has a strong ; grey symbols and dashed line) and (B) with visible white light (PFD 1500 lmol m ÿ2 s ÿ1 between 400 and 700 nm). Illumination treatments were done in anaerobic conditions and catalase activity was measured before and after the illumination by following oxygen evolution with an oxygen electrode in the presence of 15 lM H 2 O 2 . Each experimental point represents the average of three independent experiments and the error bars denote the standard error. The difference between inhibition of MnCat and inhibition of BLC was statistically significant (P <0.05) at all time points studied except after 20 and 30 min illumination at 254 nm and after 20 min illumination with visible light. absorbance in the UV to blue region, and GOD solutions appeared yellowish in the concentration used in the present experiments. The peaks of FAD absorbance at 370 and 450 nm are seen in the absorbance spectrum of the enzyme (Fig. 1E) . The aromatic amino acid content of GOD is 9.9% and the absorption spectrum shows a typical peak at 280 nm.
Illumination of GOD with UV and visible light
A similar illumination protocol was used for GOD as was used to treat catalase and SOD enzymes. These experiments showed that visible light and UVA light did not cause any measurable inhibition, and even UVC light caused only slow photoinhibition of GOD during long treatments (data not shown). Comparison of the effects of illumination of GOD for 30 min with visible, UVA, and UVC light is shown in Fig. 4 .
Photoinhibition of PSII and MnCat under anaerobic and aerobic conditions
Photoinhibition of PSII has earlier been shown to occur both under aerobic and anaerobic conditions (Vass et al., 1992; Hakala et al., 2005) , indicating that the primary inducer of the damage is not reactive oxygen species. In order to compare photoinhibition of MnCat with photoinhibition of PSII in this respect, photoinhibition of MnCat and photoinhibition of PSII was measured in pumpkin leaves under aerobic and anaerobic conditions in visible and UV light (Fig. 5) . Under the three wavelength regions, the ratio of the rate constant to PFD was in the order of 10 ÿ7 to 10 ÿ6 for photoinhibition of PSII in pumpkin leaves (Fig. 5A ) and in the order of 10 ÿ5 to 10 ÿ4 for photoinhibition of MnCat (Fig. 5B) . The experimental procedure does not allow comparison of the absolute quantum yields of photoinhibition of MnCat with the quantum yield of photoinhibition of PSII. The action spectra of both photoinhibition reactions showed approximately ten times higher efficiency of UVA light than visible light. UVC light was more efficient than UVA light in both cases, but the difference between UVC and UVA was smaller for photoinhibition of MnCat than for photoinhibition of PSII ; grey symbols and dashed line). Illumination was done under anaerobic conditions and SOD activity was measured before and after the light treatment by following the reduction of NBT spectrophotometrically at 560 nm in a xanthine/ xanthine oxidase system. Each experimental point represents the average of three independent experiments and the error bars denote the standard error. ; grey symbol), and with visible white light (PFD 1500 lmol m ÿ2 s ÿ1 between 400 and 700 nm; open symbol). Each experimental point represents the average of three independent experiments and the error bars denote the standard error. The results obtained after inhibition for 30 min show no statistically significant difference between the three different light regimes. Fig. 5 . Ratio between the first-order rate constant of photoinactivation and the PFD of the treatment in photoinhibition of PSII of pumpkin leaves in vivo (A) and MnCat (B) under anaerobic (solid bars) and aerobic (open bars) conditions. Photoinhibition of pumpkin leaves was done with leaf discs in the presence of lincomycin, and the first-order rate constant of photoinhibition was obtained by measuring the light-saturated rate of oxygen evolution from thylakoids isolated from a treated leaf disc and from a control leaf disc, and fitting the result with the first-order reaction equation. The rate constant of photoinactivation of MnCat was obtained by measuring the catalase activity before and after the illumination treatment and fitting the results to the first-order reaction equation.
in vivo. The presence or absence of oxygen did not have a statistically significant effect on the rate constant of photoinhibition in either case (Fig. 5) .
Discussion
According to the manganese hypothesis (Hakala et al., 2005; Ohnishi et al., 2005) , photoinhibition of PSII is triggered by damage to the oxygen-evolving Mn cluster. In the present study, tests to see if light-induced damage occurs in manganese-containing enzymes were carried out. Five enzymes were selected to represent three enzyme classes: MnCat and MnSOD represent manganese enzymes; BLC and CuZnSOD represent enzymes containing other transition metal centres; and GOD represents an enzyme without a metal centre.
The oxygen-evolving Mn cluster consists of four Mn ions and one Ca 2+ ion, with oxo bridges connecting the manganese ions. The structure of PSII has been determined to 3.5 Å resolution , but the absorption spectrum of the Mn cluster has not been measured. The valences of the Mn ions of OEC change during the photosynthetic water oxidation cycle. Spectroscopic data suggest that the S 0 state of OEC is either Mn 4 (II,III,IV,IV) or Mn 4 (III,III,III,IV), S 1 is Mn 4 (III,III,IV,IV), S 2 is Mn 4 (III, IV,IV,IV), and S 3 is Mn 4 (IV,IV,IV,IV) (Dau et al., 2003; Haumann et al., 2005) . OEC model compounds containing Mn(III) or Mn(IV) show absorption of visible light, whereas Mn(II) absorbs significantly only in the UVC range (Bodini et al., 1976; Horner et al., 1999; Baffert et al., 2002) .
MnCat bears structural resemblance to the oxygenevolving Mn cluster. MnCat is composed of six 30 kDa subunits, each monomer containing two Mn ions bridged by solvent oxygen (Barynin et al., 2001) . This dimanganese cluster cycles between Mn(II)Mn(II) and Mn(III)Mn(III) states during catalysis (Waldo and Penner-Hahn, 1995) , while both Mn ions are in the Mn(III) state in the resting state of the enzyme (Kono and Fridovich, 1983; Barynin et al., 2001) . Isolated enzymes may, however, be mixtures of Mn(III)-and Mn(II)-containing forms (Stemmler et al., 1997) .
It was found that MnCat is sensitive to inhibition by visible, UVA, and UVC light (Fig. 2) . The high susceptibility of MnCat to UVA light, compared with other enzymes tested (Fig. 6) , specifically suggests that the Mn(III) 2 in the active site acts as a photoreceptor. Furthermore, the finding that MnCat is sensitive to visible light (Figs 2, 5) despite its low visible-light absorbance (Fig. 1) , suggests that Mn(III)-oxo-Mn(III)-containing structures like MnCat or OEC are particularly susceptible to photoinactivation. The photoinactivation of MnCat has a fairly similar action spectrum and also shows similar independence of oxygen as photoinhibition of PSII in pumpkin leaves (Fig. 5) . Thus, the susceptibility of MnCat to photoinactivation supports the hypothesis (Hakala et al., 2005) that the Mn cluster of OEC may act as a photoreceptor of photoinhibition of PSII.
Photoinhibition of MnCat was compared with photoinhibition of another catalase, BLC (for a review, see Chelikani et al., 2004) . BLC is composed of four 60 kDa subunits, each binding a haem (Murthy et al., 1981) . During the catalytic cycle, the haem iron cycles between Fe(III) and Fe(IV). BLC has long been known to be photosensitive (Mitchell and Anderson, 1965) , but the identity of the sensitizing chromophore and the mechanism of the damage are not clear. The action spectrum measured by Cheng et al. (1981) indicated sensitization by haem, whereas Giordani et al. (1997) saw only a peak at 280 nm in their action spectrum from 280 to 440 nm. The wavelength range of haem absorption was not specifically probed, but the highest efficiency of photoinactivation was also found in UVC in the present experiments (Fig. 2) . These results may suggest that photoinactivation of BLC can be sensitized by both the haem and by the aromatic amino acid residues of the protein.
Oxygen greatly speeds up photoinhibition of BLC (Mitchell and Aderson, 1965; Cheng et al., 1981) , but scavengers of reactive oxygen species have no protective effect (Cheng et al., 1981) . The present results about photoinactivation of catalase in anaerobic conditions may suggest that photoinhibition of catalase is a type-I reaction in which an oxygen-independent reaction competes with reduction of oxygen. However, the possibility cannot be excluded that photoinactivation of BLC occurred due to ). The activities of the enzymes were measured before and after illumination ata very low residual oxygen concentration that may have remained in the samples after thorough bubbling with nitrogen. Photoinhibition of BLC has been suggested to involve release or destruction of the haem cofactor (Aronoff, 1965; Mitchell and Anderson, 1965; Feierabend and Engel, 1986 ) and damage to the protein (Zigman et al., 1996) . The release of haem during photoinhibition of BLC resembles the release of one Mn ion per inhibited PSII to the lumen during photoinhibition of PSII (Hakala et al., 2005) .
In addition to catalases, photoinhibition of Mn-and Cu/ Zn-containing superoxide dismutases was tested. Three different types of SODs exist: Mn-or Fe-containing SODs, Cu-and Zn-containing SODs, and Ni-containing SODs (for a review, see Miller, 2004) . MnSOD is a dimeric enzyme, where each 22 kDa monomer contains one metal centre, and the metal cycles between Mn(II) and Mn(III) during catalysis (Edwards et al., 1998) . The resting state of MnSOD is an Mn(II) form and, accordingly, MnSOD has very low absorbance in the UVB to visible range (Fig. 1C) . The inhibition of MnSOD in the present study was compared with another type of SOD, CuZnSOD, which is a dimeric protein, each 16 kDa monomer containing two active centres with one Cu(II) and one Zn(II) ion (Hough and Hasnain, 1999) . The copper ion cycles between Cu(II) and Cu(I) during catalysis, whereas the Zn ion plays no active role in the dismutation reaction.
The finding that MnSOD is more sensitive to UV light than CuZnSOD (Fig. 3) suggests that the Mn cofactor is important in photoinhibition of MnSOD. However, the absorbance spectrum of Mn(II) gluconate (Bodini et al., 1976) shows negligible absorbance above 260 nm, which suggests that the photoreceptor in photoinhibition of MnSOD, at least under UVA light, may rather be the polypeptide than the Mn ion itself. Interestingly, the nonmetal enzyme GOD, a 160 kDa dimeric glycoprotein containing two tightly bound FAD cofactors, was much more tolerant of UVC light than all metalloenzymes studied (Fig. 6) , although the aromatic amino acid content of GOD is similar to that of catalases and MnSOD. The better tolerance of GOD against UVC light, compared with all tested metalloenzymes, may suggest that the metal cofactors are involved in photoinhibition reactions mediated by light absorption by the aromatic amino acids.
Although the present results show that the metalloenzymes studied are inhibited by light in vitro, conclusions regarding the effects of light on these enzymes in vivo must be considered carefully. First, inhibitory light may be screened by other cell components. Secondly, environmental signals may cause activation, inactivation, synthesis, or degradation of the enzymes (for example, see Ś lesak et al., 2003; for a review, see Foyer et al., 1994) , which may mask the light-induced inactivation.
In conclusion, two Mn enzymes have been shown to be sensitive to photoinactivation. In particular, MnCat whose Mn(III) 2 centre resembles the Mn(III/IV) 4 cluster of OEC, is sensitive to UVC, UVA, and visible light. The results support the earlier suggestion that photoinhibition of PSII may be triggered by Mn-mediated photodamage to OEC.
